In this work, we have synthesized water-soluble L-cysteine-capped alloyed CdSeTe 
Conversely, more complete surface coverage of the QDs can be achieved with the use of inorganic shell materials, but the appropriate selection of a single shell material is a major challenge 12 . To date, the most widely used QDs manufactured by various synthetic strategies and the mixture of precursors are CdSe and CdTe, whilst the most commonly used type I shell materials (i.e., shell materials that exhibit a wider bandgap than the core) overcoated on their surfaces are CdS, ZnSe and ZnS.
With reference to band energies and crystal lattice spacing, CdS and ZnSe have similar properties to those of CdSe and also share with it a common atom 16, 17 . ZnS on the other hand, exhibits a much higher lattice mismatch compared to CdS and ZnSe and this enables its conduction and valence band energies to straddle those of CdSe and thus prevents the core excitons from reaching the QD surface, but it suffers from local strains and dislocations 18 . With respect to ease of growth, CdS and ZnSe can be more easily overcoated onto CdSe as compared to ZnS, due to their smaller lattice mismatch between the materials but they do not produce complete exciton confinement. Conversely, the excitons of ZnS can be more efficiently confined to the CdSe core due to its higher bandgap as compared to CdS and ZnSe. In order to circumvent this trade-off, several researchers have fabricated core/shell/shell QDs composed of CdSe/CdS/ZnS or CdSe/ZnSe/ZnS [19] [20] [21] [22] . In general, the optical properties of shell materials deposited on non-alloyed core QDs have been well studied and reported in literature [23] [24] [25] but not much is known about the optical properties of shell materials deposited on alloyed core QDs 14, 26 .
To bridge this gap, we carried out an investigation to study the effects of deposition of multiple shell layers on alloyed CdSeTe core QDs. CdS, ZnSe and ZnS (the most popular shell materials) were overcoated onto the alloyed ternary CdSeTe core in a one-pot synthetic approach. Conversion of the hydrophobic QDs nanocrystals to water-soluble nanocrystals was achieved using L-cysteine thiol ligand through a ligand exchange reaction. Ternary CdSeTe was chosen due to its superior electronic and optical properties generated from its strong nonlinear effect between the emission/absorption energies and composition 27 . To the best of our knowledge, the capping of L-cysteine onto the respective QDs via ligand exchange reaction and the synthesis and characterization of CdSeTe/CdS/ZnSe core/shell/shell (CSS) and CdSeTe/CdS/ZnSe/ZnS CSSS QDs are reported here for the first time. Our primary objective in this work is to investigate the effects of deposition of multiple shell layers on the alloyed core in order to draw conclusions on the optical properties of the respective QDs.
Experimental Section

Materials
Trioctylphosphine oxide (TOPO), cadmium oxide, sulphur, zinc oxide, 1-octadecene (ODE), tellurium powder, L-cysteine, zinc diethyldithiocarbamate (ZDC) and oleic acid (OLA) were purchased from Sigma Aldrich. Methanol, chloroform, acetone, selenium powder and potassium hydroxide were purchased from Merck. Solutions of the QDs were prepared with ultra pure water obtained from a Milli-Q Water System.
Characterization
UV-vis absorption spectra were recorded on a Cary Eclipse (Varian) spectrophotometer. Fluorescence emission spectra were recorded on a Horiba Scientific Fluoromax-4 spectrofluorometer. Determination of the PL quantum yield (ΦF) of the QDs was achieved by comparing the integrated fluorescence intensities of the QDs (F) in Millipore water to that of Rhodamine 6G (FStd ; ΦF(Std) = 95%) 28 in ethanol whilst taking into consideration the refractive indices (n) of the solvents and absorbance of each QDs (A) and Rhodamine 6G (AStd) at the excitation wavelength.
( ) X-ray powder diffraction (XRD) patterns were analyzed using a PANalytical X'Pert Pro powder diffractometer in θ-θ configuration with an X'Celerator detector, variable divergence and receiving slits with Fe filtered Co-Kα radiation (λ=1.789Å).
Transmission electron microscopy (TEM) images were obtained using a JEOL JEM 2100F operated at 200 kV. Fluorescence lifetime measurements were carried out using a time correlated single photon counting (TCSPC) setup (FluoTime 200, Picoquant GmbH). The excitation source was a diode laser (LDH-P-C-485 with 10
MHz repetition rate, 88 ps pulse width). Fluorescence was detected under the magic angle with a peltier cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a spectral width of about 4 nm was used to select the required emission wavelength band. A scattering Ludox solution (DuPont) was used to measure the response function of the system and had a full width at half maximum (FWHM) of about 280 ps. To obtain good statistics, the ratio of stop to start pulses was kept low (below 0.05). Measurement of the entire luminescence decay curve (range 0 to 100 ns) was at the maximum of the emission peak. Data analysis was done using the program Fluofit (Picoquant GmbH). Estimation of the decay error times was carried out using the support plane approach. 
One-pot synthesis of the QDs
Water-solubilization of the QDs
Firstly, a KOH-methanolic solution was prepared by dissolving 3 g of KOH in 40 mL of methanol after which 2 g of L-cysteine was dissolved in it. Hydrophobic solutions of alloyed CdSeTe, CdSeTe/CdS, CdSeTe/CdS/ZnSe and CdSeTe/CdS/ZnSe/ZnS nanocrystals, dissolved in chloroform were added separately to the as-prepared KOH-methanolic solution containing L-cysteine and 15 mL of Millipore water was additionally added (Scheme 1, step 2). Precipitation of the QDs nanocrystals occurred which allowed for the separation of the organic phase from the aqueous phase. The solutions were allowed to stir for about 15 min after which collection of the water-dispersible QDs nanocrystals was performed via repeated centrifugation with acetone. To completely remove unreacted organic layers, the QDs were subjected to further purification using a chloroform:water:acetone (1:1:3) mixture.
Results and discussion
Growth of the QDs
While was adopted from our previous work in which a ligand exchange process was used to obtain water soluble 3-mercaptopropionic acid-capped CdSe/ZnS QDs with a quantum yield (ΦF) value of 52 % 29 . From our initial assessment, we found out that based on our synthetic method, TOPSe was more reactive to CdO than TOPTe.
Hence, TOPSe was deposited first into the reaction mixture before waiting for a period of few seconds to deposit the TOPTe precursor. We therefore suggest that an alloyed structure with CdSe-rich nuclei was formed. Generally, a one-pot approach was adopted for the fabrication of the QDs. We chose to overcoat CdS on the alloyed ternary CdSeTe core instead of the conventional CdSe core due to the non-blinking emission properties reported for the former. Also, CdSeTe alloys have been suggested to have a slight non-linear relationship between the composition and energy band gap which thus relates to the phenomenon known as "optical bowing" 27 . However, it has been reported that the extent of optical bowing is more for homogenous alloys than for gradient alloys 27 .
Alloyed QDs. Hence, an excess of shell precursors were added into the growth solution to form the corresponding QDs nanocrystals.
Structural Properties
TEM analysis
XRD Analysis
To understand the crystal nature of the alloyed ternary CdSeTe QDs, we have displayed the XRD pattern of L-cysteine-capped CdTe and CdSe QDs in comparison with CdSeTe QDs (Fig. 2) . It is expected that if the diffraction pattern of CdSeTe QDs exhibits a superposition of pure CdTe and CdSe, then the prepared alloyed QDs are a mixture of binary CdTe and CdSe QDs rather than an alloyed composition. From the display of the diffraction patterns in Fig. 2 , it can be seen that the diffraction the CdSeTe/CdS/ZnSe surface, there was no noticeable peak shift. A lack of peak shift upon coating of ZnS shell layer on the CdTe/CdSe surface has also been reported by Zhang et al. 30 
Optical properties
UV/vis absorption and fluorescence measurements
The major challenge in producing water-soluble QDs via ligand exchange reaction is the dramatic loss in PL intensity upon conversion to the water phase 5 . The challenge of retaining the initial PL intensity of the QDs after ligand exchange has not been fully overcome to date. Hence, to avoid complete or significant loss of fluorescence after conversion to the water phase, effective control of the synthetic process is essential. In our work, the amount of shell precursors was carefully controlled during the QDs growth in order to produce highly fluorescent nanocrystals. Fig. 4 shows the evolution of the PL and absorption spectra of the respective CdSeTe, The nature of the barriers with reference to the electronic environment for the core and shell in the core-shell interface is the criterion which determines the red-shift between the core and core-shell QDs. In addition, the parameter which is known to instigate a strain-induced shift between the core and shell in the absorption spectrum of the core-shell nanocrystals is called the lattice mismatch 18 . Typically for CdSe/CdS core-shell QDs, a significant red-shift in the absorption spectrum relative to the core is not expected due to the small lattice mismatch (3.7 %) between the CdSe core and CdS shell 16 . As shown in Fig. 4 , when comparing the absorption spectra of the QDs, we noticed the absorption spectra of CdSeTe and CdSeTe/CdS QDs displayed a clear excitonic peak which showed slight broadening as the core- Judging by the similarities between the spectral shapes of the ground-state absorption peak for CdSeTe/CdS core/shell and core CdSeTe QDs, our assynthesized L-cysteine-capped CdSeTe/CdS QDs could be considered to exhibit a quasi-type-II core/shell. For quasi-type-II core/shell QDs, the core serves as a platform for the absorption at the band gap. This occurs because the spatially indirect core/shell transition has a lower transition matrix element than the spatially direct transitions in the core. This is in contrast to type-II QDs with a larger band offset in which the absorption spectrum of the QDs is evidently broadened with a long red tail and the spatially indirect transitions prevails for QDs with larger shell thickness 18, 32 .
An attempt was further made in our work to overcoat ZnSe around the CdSeTe/CdS surface in order to study the resultant photophysical properties of these QDs in comparison to the CdSeTe/CdS core/shell QDs. A noticeable broadening of the absorption peak and a PL emission red-shift of 12 nm was observed for the CdSeTe/CdS/ZnSe QDs when compared to that of the core/shell nanocrystal. Also, the QY yield decreased markedly to 24.7 %. The sudden decrease in the QY value upon formation of the CdSeTe/CdS/ZnSe QDs prompted us to epitaxially overgrow an additional ZnS layer around the CdSeTe/CdS/ZnSe surface with the hope of improving the QY value of the QDs. We adopted the SILAR approach for the epitaxial overgrowth of ZnS shell in which the ZnS precursor was added slowly at different time intervals. We however noticed that a small amount of the ZnS material did not induce any changes in the PL intensity of the QDs, hence a large excess of the ZnS shell materials was added at different time intervals into the growth solution.
As shown in Fig. 4 , addition of 50 mL of ZnS shell resulted in a dramatic increase of the QY value to 49.5 % and this also resulted in a significant increase in the PL intensity of the resultant CdSeTe/CdS/ZnSe/ZnS1 nanocrystal as shown in Fig. 5 .
The QY increase was accompanied by a slight blue shift (4 nm) in PL emission as shown in Fig. 3 . Such a blue shift upon deposition of the ZnS layer has been reported in literature 33, 34 . The phenomenon may be attributed to the fact that the Zn atoms diffuse at a fast rate into the ZnSe shell layer and thus provided effective confinement and elevated the band-offset of the shell material 33 . However, upon addition of another 50 mL of ZnS shell to the CdSeTe/CdS/ZnSe/ZnS1 nanocrystal, the QY value of the resultant QD decreased to a value of 29.6 % and this was also reflected by a decrease in the PL intensity of the resultant CdSeTe/CdS/ZnSe/ZnS2 when compared to the PL intensity of CdSeTe/CdS/ZnSe/ZnS1 (Fig. 5 ). In addition, the PL emission of CdSeTe/CdS/ZnSe/ZnS2 was red-shifted by 4 nm to the same PL emission of CdSeTe/CdS/ZnSe. Further deposition of an additional volume of ZnS was unsuccessful due to significant quenching of the fluorescence of the QDs.
The decrease in the QY observed for both CdSeTe/CdS/ZnSe and CdSeTe/CdS/ZnSe/ZnS2 QDs could be due to a number of mechanisms such as: (i) the deposition of the shell layer with respect to its thickness could create strain CdSeTe-based CS QDs are: CdSeTe/CdZnS (QY = 50%) 37, 38 , CdSeTe/CdZnS (QY = 65%) 39 and CdSeTe/ZnS (QY = 70%) 40 , respectively. Hence, the high PL QY value found for our CS QDs (QY = 94%) demonstrates their superior optical properties. CdSeTe/CdS/ZnSe
In Table 1 , a summary of the optical properties of the QDs are given and it can be seen that the full width at half maximum (FWHM) of the QDs ranged from 43 to 63 nm. indicates that they will exhibit lower sensitivity than the later in applications such as sensing/biosensing of analytes.
Time-resolved PL measurements
Time-resolved PL lifetime measurements were carried out on all the QDs to investigate the variation in the QY of the QDs on deposition of the shell materials.
As shown in Fig. 7 and Table 1 was observed relative to the fast exciton decay (lower PL lifetime) for CdSeTe/CdS
QDs. This suggests that the decreased PL lifetime and improved QY value of the resultant CdSeTe/CdS QDs was due to the elimination of the non-radiative recombination pathways and removal of surface defects in the core/shell system. Deposition of the ZnSe shell layer triggered a slow decay function as shown in Table   1 and this was also reflected in the significant decrease in the QY value of the resultant CdSeTe/CdS/ZnSe QDs. Upon addition of a 50 mL of ZnS shell to the CdSeTe/CdS/ZnSe system, the PL lifetime decayed on a fast scale with a dramatic increase in the QY value but the addition of another 50 mL of ZnS shell induced a slight increase in the PL lifetime accompanied by a decrease in the QY of the QDs.
Considering the complimentary data obtained from the QY value and PL lifetime measurements of the QDs, we suggest that the presence of the shell materials induced a radiative and nonradiative recombination processes depending on the surface state of the QDs.
Conclusions
The influence of shell deposition on the optical properties of alloyed CdSeTe core QDs has been investigated. CdSeTe/CdS exhibited a high QY value of 93.5 % which was a dramatic increase from 8.4 % value for the CdSeTe core. Formation of CdSeTe/CdS/ZnSe decreased the QY value to 24.7 % while the adoption of the SILAR approach improved the QY value of the resultant CdSeTe/CdS/ZnSe/ZnS QDs to 49.5 %. Time-resolved PL measurements provided useful insights into the variation in the photophysical properties of the QDs with respect to nonradiation and radiation recombination processes.
